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INTRODUCTION

Effective immunotherapy for cancer has long been a goal of tumor immunologists. Cytotoxic T
cells (CTL) may effectively lyse tumor cells expressing tumor associated antigens (TAA) if the T
cells are initially activated sufficiently. However, T cells are often poorly activated to these
tumor-associated antigens. One approach to improving the activation of CTL is to modify the
target epitopes so that the T cells are activated more effectively, yet retain activity against the
original epitope. A major limitation of this strategy is that it is difficult to test all the possible
epitopes in an unbiased fashion. A major goal of the proposal is to develop a novel methodology

to improve T cell epitopes of PSA that could be used ultimately in the immunotherapy of
prostate cancer.

BODY

Approved Tasks
The following tasks were outlined in the approved statement of work for this grant:

¢ Task 1. Generation of CTL and class I restricted hybridomas (1-18 months)
e Task 2. Identification of class I restricted epitopes (months 1 - 24)

* Task 3. Develop and screen library of mutant epitopes (months 6-30)

¢ Task 4. Testing and analysis of improved epitopes (months 24-36)

Research Accomplishments associated with the above tasks

Task 1. Generation of CTL and class I restricted hybridomas

We have successfully generated CTL lines and hybridomas for a class I restricted epitope of
PSA. The hybridoma 1E7 has been characterized and has been used to accomplish the
subsequent tasks as outlined below. This task has been successfully completed.

Task 2: Identification of class I restricted epitopes

The hybridoma 1E7 has been employed in the proposed solid phase antigen presentation system
assay in which bacterially expressed proteins are used as the source of the antigen. Using this
approach, we have successfully identified a class I restricted epitope of PSA called
HPQKVTKFML (abbreviated HL.10). The identification of the epitope has been unequivocally
demonstrated by the synthesis of the peptide. A paper describing the approach has now been
published which incorporates these results (Turner et al. J Immunol Methods 256:107 and
appendix 1).

Task 3: Develop and screen library of mutant epitopes

We hypothesized that altered peptides with enhanced activity might either improve MHC
binding or improve T cell recognition. In order to test directly whether the hybridoma system
employed in the screen proposed could detect and respond appropriately to either type of change
we utilized SIINFEKL, a well characterized H2-K’-restricted epitope, which is derived from
ovalbumin. Previous work (Jameson et al. 1992) demonstrated that T cell lines specific for
SIINFEKL yield different degrees of lysis on specific mutant peptides derived from SIINFEKL.
One of the mutants contained an alanine for a phenylalanine substitution at position 5, which




impairs the ability of the peptide to bind to its MHC molecule, while the other mutant contained
an alanine for a lysine substitution at position 7, which interferes with the ability of the peptide to
interact with its T cell receptor. To determine how well the f-galactosidase reporter T cell
hybrids parallel CTL cell lines in responding to mutant peptides we utilized B3Z, a class I
restricted hybrid specific for SIINFEKL, along with the mutants described above (Fig. 1).
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Figure 1: Activity of hybrids with mutants derived from the wild type peptide.

Activation of a class I restricted T cell hybridoma, B3Z, was assessed using mutant peptides
derived from the wild type peptide recognized by B3Z, SIINFEKL (SL8). SL8;, is a MHC
binding impaired mutant, while SL8,, is impaired in its ability to interact with SL8 reactive T
cell receptors. Peptides at decreasing concentrations were added to 1 x 10° B3Z in the presence
of 1 x 10° Ana-1, an H2K® expressing macrophage cell line. After 12 hours at 37°C, B-
galactosidase production was detected using CPRG, a substrate for §-galactosidase.

As can be seen in Figure 1, the wild type peptide SL8 stimulates very effectively compared to the
negative control. In contrast, the altered peptide ligands (APLs) of SL8 are much less
stimulatory. Thus, the B-galactosidase containing hybrids utilized in this screen are sufficiently
robust and quantitative and can discriminate between peptides with known differences in their
ability to stimulate T cells. Note in this case that the APL is less stimulatory than the wild type
peptide, the reverse of the proposed experiments for PSA. Though our aim is to identify epitopes
that will increase the activation of our T cell hybrid, this result suggested that an increase in the
activation of our hybrid would be accompanied by a subsequent increase in f-galactosidase




production. This result demonstrates that T cell receptor mutants as well as MHC binding
mutants can be detected by the hybrid system. This work is being incorporated in a manuscript in
preparation describing the use of hybrids to improve the epitopes of PSA as described below.

The generation and characterization of the mutant library was an important task in our
statement of work. In the previous year we had produced the position 1 library (abbreviated P1).
The position 1 library has been extensively analyzed and over 72 clones sequenced. As
expected, there are a variety of substitutions using the saturation mutagenesis technique
validating the approach. In these experiments we made a random series of mutations in the
oligonucleotides corresponding to position 1 (Histidine) of HL.10. These were cloned and 72 of
the resulting colonies were picked, plasmids isolated, and the sequence corresponding to the
epitope was determined. The data are summarized in the table below.
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As can be seen, this strategy very effectively generates mutations and can generate
mutations that are even 3 bases different from the wild type. From this analysis, however, it is
apparent that some substitutions may be more prevalent than others (e.g. G vs. W). This is likely
due to the number of codons coding for the amino acid as well as the GC content of the codon
encoding the various amino acids. As expected based on these considerations, not all amino acids
are equally represented in the library. However, it is clear that this mutagenesis approach
generates a large variety of random mutations. Moreover, as predicted, no mutations were
detected in positions other than position 1 in this library (data not shown). Thus we have
developed a suitable strategy for generating mutations in the target epitope. We have applied this
method to the other positions and have successfully generated mutant libraries for the remainder
of the positions of HL10, positions 2 through 10 (designated P2 through P10). Approximately 10




clones were sequenced from each of these libraries to ensure that the mutagenesis technique had
worked as predicted. After determining that the libraries indeed contained mutant clones as
expected, clones were individually screened from each library using a 96-well format using the
HL10 specific T cell hybrid, 1E7. Clones were scored for activity by counting the number of
activated (B-galactosidase expressing) 1E7 hybrids in the well. The first bar of each chart
represents the activity elicited by the wild type construct (Fig.3). More than 80 mutants were
screened in each library. Bacterial colonies that resulted in the enhanced stimulation of the
hybrid were analyzed further. Plasmids encoding the epitopes were sequenced. The results of the
screen as well as the amino acid obtained from the sequence data are presented in figure 3.

Several conclusions from the screen can be drawn. First, at certain positions, no
mutations that resulted in enhanced activity could be identified. For example, no amino acids at
position 2, 3, 4, 5, 8, or 10 could be identified which improved the recognition of the hybridoma.
Second, the screen is robust. Very few false positives were found (i.e. clones which encode the
wild-type amino acid but which appear to be enhanced). An example of the rare misidentification
is seen in the P4 library. Moreover, the vast majority of the clones identified in the initial screen
also retest positive when the peptide is synthesized. Third, multiple independent clones
encoding the same epitope could be identified. For example, in the P1 library several mutants
that encoded alanine were identified, but which were encoded by different codons. These data
also strongly suggest that it is indeed an enhanced epitope and that the saturation mutageneisis
technique worked effectively. Fourth, the degree of enhancement varied dramatically. In some
cases we could identify changes which would enhance the recognition modestly (e.g. at position
1 a change from H to S increased recognition 2-3 fold), whereas a substitution at position 6
resulted over 500 fold improvement in recognition. Fifth, certain positions seemed to be able to
be enhanced more efficiently. How this corresponds to MHC binding to T cell recognition is
being investigated as part of the analysis of the mutants in task 4.
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Figure 3: HL10 mutant libraries were screened for the ability to stimulate an H2-L¢ restricted
hybridoma 1E7 that is specific for wild type HL10. Recombinant HL10 mutant protein
constructs were bound to beads and introduced into cultures containing an H2-L expressing
antigen presenting cell line, RAW, along with the HL10 specific hybrid, 1E7. 1E7 contains the
B-gal gene under the control of the IL-2 promoter. 1E7 activation was determined by the number
of B-gal expressing cells/2x10° 1E7, using the hydrolysis of the substrate x-gal to visualize the
cells. Wild type HLL10 is represented by the first bar in each chart.




e Task 4. Testing and analysis of improved epitopes (months 24-36)

We have initiated the analyses and characterization of the epitopes identified in the screen. In
order to demonstrate that these amino acid changes resulted in enhanced recognition a series of
peptides corresponding alterations identified were synthesized. The use of peptides allows a
much more rigorous analysis of the enhancement obtained as one can accurately titrate the
peptide in the assay. Thus these assays can be made much more quantitative than the screening
with the bacterial colonies. We tested the purified peptides in an initial functional screen with
1E7 (Fig. 4). Strikingly, one of the mutants at position 6 resulted in approximately 10,000 fold
better activation of 1E7 as compared to the wild type peptide. This calculation is based on the
concentration of peptide required to reach the half-maximal level of 1E7 f-galactosidase
expression. While these results need to be repeated, they suggest that the degree of enhancement
can be very large. Interestingly, the results obtained with the purified peptides follow the pattern
seen in the library screens, with the 6T->6S mutant being the most potent, and the 1H->1S
mutant being the least potent, suggesting the screen is semi-quantitative.
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Figure 4: Comparison of the ability of HL10 and the mutant peptides to stimulate the 1E7
PSA reactive hybridoma. The indicated concentrations of the synthetic peptides were
incubated with the 1E7 hybridoma and RAW cells as APC. The amount of activation was
determined using the soluble beta galactosidase substrate CPRG. Absorbance was measured
at 610nm. Note that the assay is similar to that for the initial screen except that T cell
hybridoma activation was assessed using a soluble substrate for beta galactosidase rather
than the insoluble substrate X-gal.
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KEY RESEARCH ACCOMPLISHMENTS

* Generation and characterization of an epitope of PSA

e Development and validation of a methodology for generating a mutant libraries
e Characterization of mutant library by DNA sequencing

* Demonstration of feasibility of proposed screening technique

* Functional analysis of the libraries

* Identification of several altered peptide ligands resulting in increased activation of a PSA
reactive hybridoma

* Demonstration and validation of enhanced activation using synthetic peptides

REPORTABLE OUTCOMES
Manuscripts, abstracts, presentations:

Turner, M. J., C. S. Abdul-Alim, R. A. Willis, T. L. Fisher, E. M. Lord, and J. G. Frelinger.
2001. T-cell antigen discovery (T-CAD) assay: a novel technique for identifying T cell epitopes.
J Immunol Methods 256:107

Turner, M. J., C. S. Abdul-Alim, E. M. Lord, and J. G. Frelinger. 2001. Exploiting cross
presentation to characterize T cell epitopes. Upstate New Y ork Immunology Conference (oral
presentation)

Patents and licenses applied for and/or issued: None

Degrees obtained that are supported by this award: None

Development of cell lines, tissue or serum repositories: None

Informatics such as databases and animal models, etc: None

Funding applied for based on work supported by this award: None

Employment or research opportunities applied for and/or received on experiences/training
supported by this award: Research training for Ms. Andrea Brooks was provided (Ms. Brooks
is a recent college graduate, who has been working on this project as a laboratory technician). It
is anticipated that Ms. Brooks will apply to graduate school within the next 2 years, to obtain her
Ph.D. and the present research experiences should assist her in that goal. Advanced research
training for Dr. Nocera, a postdoctoral fellow in the laboratory, was provided. A training
experience for an undergraduate was also provided. She has now been accepted to medical
school and plans on a career in research.
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CONCLUSIONS

The specific conclusions that can be drawn from the second year of experiments are as follows:

1. The hybridomas developed reflect the ability to stimulate T cells whether these
differences are due to differences in MHC binding or to T cell recognition.

2. The screen devised can discriminate peptides with known differences in their ability to
stimulate T cells.

3. An efficient means of generating mutations has been developed and used to construct
10 mutant libraries corresponding to each position of the PSA epitope.

4. Screening of the libraries identified 7 altered peptide ligands with enhanced ability to
stimulate the PSA reactive hybrid 1E7.

These findings support the hypothesis that altered peptide ligands can be discovered using the
novel methodology developed. By screening libraries we have constructed and synthesizing the
corresponding peptides we have identified several altered peptide ligands with an increased
ability to stimulate a PSA reactive T cell hybridoma. The studies have firmly established “proof
of principle” that this method can be used to improve T cell epitopes of PSA. This methodology
should be applicable to other tumor antigens.

REFERENCES

Jameson SC, Bevan MJ (1992) Dissection of major histocompatibility complex (MHC) and T
cell receptor contact residues in a Kb-restricted ovalbumin peptide and an assessment of the
predictive power of MHC-binding motifs (1992) Eur J Immunol 22:2663-7

Appendix:
Turner, M. J., C. S. Abdul-Alim, R. A. Willis, T. L. Fisher, E. M. Lord, and J. G. Frelinger.

2001. T-cell antigen discovery (T-CAD) assay: a novel technique for identifying T cell epitopes.
J Immunol Methods 256:107.
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Abstract

The identification of T cell epitopes is a critical step in evaluating and monitoring T cell mediated immune responses.
Here, we describe a novel technique for simultaneously identifying class I and class II MHC restricted epitopes using a
one-step protein purification system. This method uses Ni /chelate coated magnetic beads and magnetic separation to isolate
poly-histidine tagged recombinant antigen from bacterial lysates. These beads, once coated with antigen, are also used to
deliver antigen to APC where it is processed and presented to T cells. A colorimetric assay and ovalbumin specific, lacZ
inducible, T cell hybridomas were used to validate the system. Further, using PSA specific hybrids, generated from T cells
isolated from PSA secreting tumors, both class I and class I MHC restricted epitopes of PSA were identified. Additional
characterization has shown that these peptides contribute significantly to the overall PSA specific response in vivo, and may
represent the dominant epitopes of PSA. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Prostate-specific antigen; T cell epitopes; Major histocompatability complex

complex (MHC). In the case of cytotoxic CD8 + T
cells, these peptides are generally 8—10 amino acids
in length and are complexed with class I MHC
molecules (Falk et al., 1991; Rammensee, 1995).
Similarly, CD4 + or helper T cells generally recog-
nize peptides of 12-25 amino acids in length com-
plexed with class I MHC molecules (Rudensky et
al., 1991; Rammensee, 1995). The characterization

1. Introduction

The immune response is characterized by the
response to small portions of molecules called epi-
topes. For T cells, these consist of short peptides
bound to molecules of the major histocompatibility

Abbreviations: APC, antigen presenting cells; PSA, prostate-

specific antigen; NF-AT, nuclear factor activating T cells; MHC,
major histocompatibility complex; T-CAD assay, T-cell antigen
discovery assay; DHFR, dihydrofolate reductase; Ova, ovalbumin
" Corresponding author. Tels.: +1-716-275-3405; fax: +1-716-
461-4019.
E-mail address: john_frelinger@urmc.rochester.edu
(J.G. Frelinger).

of such epitopes has led to an enormous increase in
the understanding of T cell recognition and activa-
tion. Knowledge of these peptides has also greatly
aided the in vivo analysis of T cell responses and
may also have therapeutic utility. For example, newly
developed tetramer technology, in which soluble la-

0022-1759 /01 /$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.

PIL: $0022-1759(01)00436-7
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beled complexes of MHC molecules are made using
a single peptide, has made it possible to analyze the
dynamics of T cell responses to HIV and other
viruses using flow cytometry (Altman et al., 1996;
Murali-Krishna et al.,, 1998; He et al., 1999). Fur-
ther, peptide based vaccines are being developed for
clinical use in the treatment of HIV and for cancer
therapy (Porgador and Gilboa, 1995; Porgador et al.,
1996; Brossart et al., 1998; Kundu et al., 1998;
Morse et al., 1998; Nair et al., 1999). In addition,
vaccinations using peptides which act as antagonists
are under consideration for the treatment of autoim-
mune diseases (Sette et al., 1994; Brocke et al.,
1996; Nicholson et al., 1997; Bielekova et al., 2000;
Kappos et al., 2000). All of these potential uses
contribute to the need for identifying epitopes at the
molecular level.

Several strategies have been successfully em-
ployed for identifying T cell epitopes. These include
peptide elution from MHC molecules, the synthesis
of peptides based on motif predicting computer algo-
rithms for particular MHC alleles, DNA transfer, as
well as the use of recombinant viruses as expression
vectors (De Plaen et al.,, 1988; Falk et al., 1991;
Jardetzky et al., 1991; Rudensky et al., 1991; Hunt et
al,, 1992; Henderson et al., 1993; Castelli et al.,
1995; Valmori et al., 2000). While significant ad-
vances have been made using these approaches, they
are often technically demanding, dependant on spe-
cialized equipment, and specific for a given class I or
class II molecule. Therefore, a generalized method
that could more easily characterize both class I or
class II restricted epitopes would be extremely valu-
able for fundamental immunology studies as well as
for the development and analysis of vaccines.

We set out to develop a method based on recent
advances in understanding antigen presentation
mechanisms. It is generally accepted that exogenous
antigens originating from outside of antigen present-
ing cells are preferentially directed towards the class
II pathway, whereas antigens derived from within the
cell are directed to the class I pathway (Brodsky and
Guagliardi, 1991; Monaco, 1995). However, it has
been known for many years that there are exceptions
to this generalization in which exogenously derived
antigen can be presented in the context of class 1
molecules (Bevan, 1976; Gooding and Edwards,
1980; Yewdell and Bennink, 1999). Recently, this

phenomenon, called cross-priming or cross-presenta-
tion, has received additional attention because of its
role in the generation of anti-tumor responses and in
peripheral tolerance (Huang et al., 1994; Pulaski et
al., 1996; Kurts et al., 1997; Reimann and Schirm-
beck, 1999). In studying this process, our laborato-
ries, as well as others (Kovacsovics-Bankowski et
al., 1993; Reis e Sousa and Germain, 1995; Storo-
zynsky et al., 1999) have found that particulate
antigens, in the form of beads, are very effective in
delivering exogenous antigen to the class I pathway.
Further work demonstrated CD4 + T cell hybrido-
mas could also be activated by antigen presenting
cells (APC) that have taken up antigen coated beads
(Shen et al., 1997; Storozynsky et al., 1999). Thus,
beads appear to be a very efficient way of delivering
antigen for presentation to both class I and class II
restricted T cells.

In the current study, we have taken advantage of
these findings to develop a novel assay for identify-
ing T cell epitopes. By using 6 X His tags to attach
recombinant proteins to magnetic beads that are also
used for antigen isolation, we have developed an
easy way of delivering antigens to APC for process-
ing and presentation. In the current study, we have
used this approach in conjunction with a colorimetric
assay for T cell activation to illustrate the feasibility
and validity of this one-step approach. We have
termed this technique the T cell antigen discovery
(T-CAD) assay, and have used it to identify both
class I and class II epitopes of human prostate-
specific antigen (PSA).

2. Materials and methods
2.1. Mice and cell lines

BALB /cBy] (H-29), C57BL/6J (H-2°), and
[BALB /cByJ X C57BL/6]] F, (H-2%") mice were
purchased from the Jackson Laboratory (Bar Harbor,
ME, USA) and used at 8—10 weeks of age. Ovalbu-
min (Ova) specific T cell hybridomas B3Z86,/90.14
(H-2 K") (Shastri and Gonzalez, 1993) and BDZ.21.2
(H-2 I-A%) (Storozynsky et al, 1999), and PSA
specific T cell hybridomas PSA-HI and PSA-HII
were grown as described previously (Storozynsky et
al., 1999). Line 1/PSA /IL-2 (H-2%) and B16/PSA
(H-2%) cell lines were generated by transfecting the

oy
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cell lines Line 1/IL-2 (McAdam et al., 1995) and
B16.FO (ATCC CRL 6322) with the mammalian
expression vector pHB-PSA (Wei et al., 1996). PSA
transfectants, Line 1/PSA (H-2%) and P815/PSA
(H-2%), were characterized previously (Wei et al.,
1996). L cells expressing the LY molecule were
provided by Dr. Jeffrey Frelinger (University of
North Carolina, Chapel Hill). The B cell lymphoma
cell line M12 and the M12 derived class II mutants,
MI12.A2 (I-A%") and M12.B5 (I-E¢ + ), were devel-
oped by Dr. Laurie Glimcher and supplied to us by
Dr. Alexandra Livingstone (University of Rochester)
(Glimcher et al., 1985).

2.2. Fusion protein constructs and peptides

Recombinant proteins were generated using the
bacterial expression vector pQE-40 (Qiagen, Valen-
cia, CA, USA), which contains a 6 X His coding
region as well as the murine dihydrofolate reductase
gene (DHFR). The pQE-40 Ova-DHFR vector
(Ova/DHFR) was constructed by subcloning the
coding region for amino acids 256-359 of Ovalbu-
min (Ova) from the pEVRFO-Ova plasmid using
polymerase chain reaction (PCR) and specific primers
(Shastri and Gonzalez, 1993). The insert was sub-
cloned into the pQE-40 vector using the Sal I and
Kpn 1 restriction sites designed into the primers.
Human PreProPSA (PSA) was produced by PCR
using the pHB-PSA expression vector and PSA spe-
cific primers that contain Bam HI and Hind III
restriction sites in the 5" and 3' primers, respectively.
The insert was subcloned into the pQE-40 vector,
resulting in the removal of the DHFR coding region.
This subsequently creates a 6 X His/PSA fusion
protein. PSA deletion constructs were generated in a
similar fashion by amplifying 3’ deletions of PSA
using a constant 5’ primer and five individual 3’
primers starting at 736 base pairs (bp), 610 bp, 505
bp, and 394 bp. Synthetic peptides PSA 238-253
(ERPSLYTKVVHYRKWI), PSA 188-197
(HPQKVTKFML), Ova 257-264 (SIINFEKL), and
Ova 323-339 (ISQAVHAAHAEINEAGR) were
synthesized by Macro-Molecular Resources (Univer-
sity of Colorado, Fort Collins, CO, USA).

2.3. Protein production

Production of recombinant DHFR, Ova-DHFR
and PSA deletion construct fusion proteins were

performed as described by the manufacturer (Qiagen).
Recombinant proteins were isolated by lysing the
bacterial pellets with 8 M urea (pH 7.5) and 0.5 ml
of bacterial lysates were used for conjugation to
Ni /chelate paramagnetic beads (Bangs Laboratories,
Fishers, IN, USA). To load the magnetic beads,
2 X 10° Ni/chelate beads were added to 0.5 ml of
bacterial lysates containing Ova/DHFR, DHFR, or
PSA deletion constructs independently for 1 h. The
adsorbed beads were isolated by magnetic separa-
tion, washed twice and diluted to 2 X 107 beads /.l
PSA deletion construct production was confirmed by
Western blot analysis using a rabbit anti-PSA poly-
clonal antibody (DAKO, Carpinteria, CA, USA) and
standard immunoblot techniques (Baecher-Allan et
al., 1993).

2.4. Generation of T cell hybridomas

Ova specific T cell hybrids B3786/90.14 (B3Z)
and BDZ.21.2 (BDZ) were generated as described
previously (Shastri and Gonzalez, 1993; Storozynsky
et al,, 1999). PSA specific class I restricted T cell
hybridomas were generated by fusing Thy-1 + tumor
infiltrating lymphocytes (TIL) isolated from
BALB /c mice challenged with Line 1/PSA /IL-2
tumors to the T cell fusion partner BWZ.36 as
described (Sanderson and Shastri, 1994a; McAdam
et al., 1995). Class II restricted T cell hybridomas
were generated using a similar protocol. For the class
IT hybridomas, Thy-1 positive T cells for making T
cell hybrids were generated in [BALB /cByl X
C57BL/6]] F, mice immunized twice with 1 X 107
irradiated (5000 rad) B16/PSA cells and challenged
with Line 1 PSA tumors. Tumor infiltrating lympho-
cytes were isolated and fused as above.

2.5. Antigen presentation assays

Antigen presentation assays were performed by
culturing 2 X 105 T cell hybrids with 1 X 10° APC.
APC used were [BALB /cByJ X C57BL /6JIF, (H-
29%®) bone marrow derived dendritic cells (Inaba et
al., 1992), RAW 264.7 cells (H-29, class I+ and
class 11 + ) activated with 100 units/ml of IFN-y
(R + D Systems, Minneapolis, MN, USA), or MHC
mutant cell lines as described in the figure legends.
Recombinant antigens used were Ni/chelate beads
conjugated with Ova/DHFR, DHFR, or the individ-
ual PSA deletion constructs isolated from bacterial
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lysates as described above and used at 6 X 107
beads /well. Experiments were also performed in the
presence of 3 WM synthetic peptides Ova 257-264,
Ova 323-339, PSA 188-197, PSA 238-253 or 3
wM whole Ova (Sigma, St. Louis, MO, USA) or
PSA protein (Cortex, San Leandro, CA, USA). After
16-18 h cultures were developed using the B-
galactosidase substrate X-gal (Fisher Biotech, Pitts-
burgh, PA, USA) and the number of activated hy-
brids was quantified (Storozynsky et al., 1999).
Assays using the class I restricted hybrids and partic-
ulate antigen were performed in the presence of 100
M chloroquine (Sigma) to enhance cross presenta-
tion (unpublished results).

2.6. Functional assays

BALB /cBy] mice were injected with 2 X 10°
Line 1/PSA/IL-2. After 15 days, the TIL were
isolated and evaluated for their ability to lyse targets
expressing full length PSA protein (P815/ PSA),
P815 transfected with an irrelevant antigen
(P815 /neo), or P815 /neo pulsed with 50 pg/ml of
PSA peptide 188-197. Cytotoxicity assays were per-
formed as previously described (McAdam et al.,
1995). Proliferation assays were performed by im-
munizing BALB /cByJ mice in the footpad with 80
wg of recombinant PSA emulsified in complete Fre-
und’s adjuvant. Ten days later, the popliteal lymph
nodes were harvested and 5 X 10° lymph node
cells /well were cultured with various dilutions of
PSA protein (Cortex) or PSA peptide 238256 start-
ing at 0.83 wM. After 72 h, the cultures were pulsed
with 1 nCi of *H-Thymidine for 16 h and analyzed
for thymidine incorporation. All animal studies were

performed in compliance with the University of
Rochester Committee on Animal Resources.

3. Results and discussion

3.1. Development and validation of the T cell anti-
gen discovery (T-CAD) assay

We set out to develop a system that could be used
to identify both class I and class II restricted T cell
epitopes. In designing this system, several considera-
tions were taken into account. First, since T cells
recognize short peptides complexed with MHC
molecules, and thus are not dependent on the native
conformation of the protein, we reasoned that bacte-
rially expressed recombinant proteins could be used
as a source of antigen. Therefore, recombinant pro-
teins were engineered to contain N-terminal 6 X His
tags so that the antigen could be easily purified from
bacterial lysates. The 6 X His tag allows the antigen
to be adsorbed onto small nickel coated paramag-
netic beads and purified from endogenous bacterial
proteins by magnetic separation even under strong
denaturing conditions necessary for isolating antigen
from inclusion bodies. An additional advantage of
using beads is that particulate antigen is remarkably
efficient at targeting antigen for presentation to T
cells (Shen et al., 1997; Storozynsky et al., 1999).
Combining these features, the antigen-coated beads
were used for antigen presentation in a simple one-
step procedure (Fig. 1A). As a readout of T cell
activation, T cell hybridomas were used that can be
analyzed enzymatically by colorimetric substrates.
These hybrids contain the Escherichia coli B-

Fig. 1. Development and validation of the T-CAD assay. (A) Tllustration of the T-CAD assay. 6 X His tagged recombinant proteins are
purified directly from bacterial lysates using Ni/chelate coated paramagnetic beads. The protein-coated beads are “fed” to APC in culture
with T cell hybridomas, allowing processing and presentation of the proteins. After 16—18 h, activated T cell hybrids are detected using the
X-gal substrate, which results in an insoluble blue precipitate within the activated hybridomas. (B) Activation of Ova specific class I and
class II restricted T cell hybridomas using the T-CAD assay. T-CAD assays were performed as described in Section 2.5. Cultures in the
left-hand column used the B3Z class I restricted hybridoma and cultures in the right-hand column used the class II restricted hybridoma
BDZ. All cultures used bone marrow derived dendritic cells from [BALB /cByJ X C57BL/6J]JF, mice as APC, and activity was detected
using the X-gal substrate. The antigens are as indicated: (a) 6 X His-Ova/DHEFR fusion protein adsorbed to Ni /chelate magnetic beads; (b)
6 X His/DHFR fusion protein adsorbed to Ni/chelate magnetic beads; (¢) 3 .M Ova class I peptide, Ova 257264 peptide that activates
with B3Z; (d) 3 wM Ova class II peptide, Ova 323-336 peptide that activates BDZ. (C) The same cultures shown above in (B) were
examined, and the number of activated cells was determined. Black bars indicate the number of activated cells for the B3Z class I
hybridoma and the gray bars represent the activated cells using the BDZ class II hybridoma. The antigens (a—d) are the same as in (B).
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galactosidase gene under the control of the IL-2
regulatory element NF-AT. Normally, activated T
cells are rapidly induced to synthesize IL-2, a pro-
cess that involves transcriptional activation mediated
by factors binding the NF-AT regulatory region. This
also occurs in the hybrid system, and due to the
reporter gene fusion, the activated hybrids will also
synthesize B-galactosidase (Karttunen and Shastri,
1991; Sanderson and Shastri, 1994b; Storozynsky et
al., 1999). This allows T cell activation to be easily
assessed using chromogenic [-galactosidase sub-
strates such X-gal (Fig. 1A).

Initial experiments were performed using the
well-characterized Ova specific T cell hybridomas
B3Z and BDZ that recognize the Ova 257-264/ K"
and Ova 323-339/I-A% complexes, respectively
(Sanderson and Shastri, 1994b; Storozynsky et al.,
1999). To evaluate the ability of the Ova specific
hybrids to perform in the T-CAD assay, recombinant
Ova fusion proteins were synthesized using the bac-
terial expression vector pQE-40. The Ova/DHFR
construct encodes an N-terminal 6 X His tag, the
murine dihydrofolate reductase protein (DHFR), and
a region of Ova (256-~354) that contains both of the
reported class I and class II restricted T cell epitopes.
As shown in Fig. 1B (panel a) the Ova specific T
cell hybrids are specifically activated by the Ova/
DHFR protein purified directly from bacterial lystes
using the Ni/chelate magnetic beads. The specificity
of this response is illustrated by the lack of activa-
tion when the hybrids are cultured with magnetic
beads, which appear as reddish brown aggregates,
that are adsorbed with the DHFR construct alone
(Fig. 1B, panel b). The numbers of activated cells in
Fig. 1B were also quantified, and the results are
shown in Fig. 1C. There was a dramatic increase in

the number of activated hybrids when the cells were
cultured with the Ova containing fusion protein com-
pared with the DHFR protein alone. These results
show that recombinant proteins can be isolated from
bacterial cultures and effectively presented to T cell
hybrids by APC, validating the T-CAD system.

3.2. Generation and characterization of PSA reac-
tive hybrids

The results obtained above with the well charac-
terized model antigen Ova show that bacterially ex-
pressed recombinant proteins can be presented by
professional APC to both class I and class II re-
stricted T cell hybridomas, leading to the hypothesis
that this system could be used to identify unknown T
cell epitopes. Because of our interest in prostate
cancer immunotherapy, we set out to characterize the
immune response to tumors expressing human
prostate-specific antigen (PSA) as a model tumor
antigen. To characterize the PSA specific immune
response, a panel of PSA specific hybridomas was
generated by fusing the BWZ.36 (lacZ+) T cell
fusion partner with PSA specific T cells derived
from mice immunized with PSA secreting tumors
(see Section 2.4). Two hybridomas generated from
these fusions, PSA-HI and PSA-HII, were selected
for more detailed analysis. The T cell hybridoma,
PSA-HI, was specifically activated by the tumor cell
line P815 (H-29), transfected to express human PSA,
but not the parental P815 tumor transfected with the
expression vector alone (Table 1). Additionally, the
hybrid was not activated by presentation of soluble
PSA or Ova by APC (Raw 264.7 cells), but was
activated by APC that were presenting the PSA
derived from PSA coated beads. These data strongly

Table 1
Characterization of PSA specific T cell hybridomas PSA-HI and PSA-HII
Hybrids Antigen
P815 PSA P815 neo Soluble PSA Soluble Ova PSA beads Ova/DHFR
beads
PSA-HI ++ + - - - + + -
PSA-HII - - +4+++ - ++++ -

Assays were performed as described in Section 2.5. About 2 X 10% T cell hybrids were cultured with 1 X 103 P815 cells expressing either
PSA or vector control (neo), or RAW 264.7 cells pulsed with 3 M PSA/Ova or 6 X 107 beads/well. + indicates cultures containing
activated hybridomas, with each + indicating approximately a tenfold increase in positive cells.
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suggest that the hybridoma is class I restricted and 3.3. Generation of PSA deletion constructs and anal-
confirms the ability of these hybrids to be activated ysis of PSA using the T-CAD assay
by cross-presentation. A second hybridoma, PSA-HII,

reacts specifically with soluble PSA after processing To identify the regions of PSA recognized by the
by APC, or with APC that have taken up PSA T cell hybrids, a full-length cDNA construct was
adsorbed Ni/chelate beads (Table 1). However, it constructed encoding PSA as well as a series of
does not react with other antigens such as Ova or deletion constructs in the pQE-40 bacterial expres-
with the class II negative P815 cells transfected with sion vector. These constructs contain the 6 X His
PSA, suggesting that the hybridoma is both class II region described above, followed by PSA peptides of
MHC restricted and PSA specific. varying length and including the signal peptide, pro-
A. B.
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gna’pep " Amino Acids
Zymogen peptide of PSA 69 —
| mature PSA 43—
| 1 261 gg:
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Fig. 2. Generation of PSA deletion constructs for T cell epitope identification. (A) Schematic of the PSA constructs used in the PQE40
bacterial expression vector. The black box indicates the 6 X His Tag, the gray box indicates the signal peptide, the hatched box indicates the
zymogen or pro peptide, and mature PSA is designated by the open box. (B) Immunoblot analysis of the PSA deletion constructs.
Recombinant PSA deletion constructs were synthesized and detected using a rabbit anti-human PSA antiserum as described in Section 2.3.
Molecular weight markers are indicated and represent apparent molecular weight in thousands. The recombinant proteins used were
designated by the number of amino acids of PSA they encode, starting with the first amino acid designated as number 1 (a) 261, (b) 231, ()
189, (d) 154 and (e) 117 amino acids (full length). (C) Analysis of the class I restricted PSA specific T cell hybridoma PSA-HI with proteins
encoded by the PSA deletion constructs. PSA-HI cells were incubated with RAW 264.7 cells and Ni/chelate beads adsorbed with the
various PSA deletion peptides. After incubation, the number of activated cells was determined using X-gal. The numbers on the abscissa
indicate the length of the PSA peptides in amino acids adsorbed to the Ni/chelate beads. (D) Analysis of the class Il PSA specific
hybridoma PSA-HII with proteins encoded by the PSA deletion constructs. Assays were performed as in (C) using the same set of PSA
constructs.
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peptide, as well as defined C terminal deletions
illustrated in Fig. 2A. Bacterial cultures induced for
expression of the individual deletion constructs were
characterized by immunoblot analysis using a rabbit
anti-PSA polyclonal antibody (Fig. 2B). These re-
sults showed that the constructs encode proteins of
the predicted molecular weight, and they contain
epitopes that can be detected with the rabbit anti-PSA
polyclonal antibody to human PSA as expected.

Using the T cell hybrids and the rPSA deletion
constructs, experiments were performed to identify
the class I and class I T cell epitopes of PSA. The
class I (PSA-HI) and class II (PSA-HII) PSA spe-
cific hybrids were tested against this panel of PSA
deletion conmstructs each conjugated to Ni/chelate
beads individually, and presented by the macrophage
cell line RAW 264.7 (H-29). Antigen presentation
assays were performed as described in Section 2, and
activated hybrids (blue cells) were scored after stain-
ing with X-gal substrate. The results of these assays
are depicted in Fig. 2. The class I restricted hy-
bridoma, PSA-HI, is activated by the full length PSA
construct and the first deletion construct, but not by
the second deletion construct (1-189) indicating that
the epitope is contained within the region 189-231
(Fig. 20). In an analogous fashion, the class II
hybrid reacts with the full-length construct, 1-261,
but not the first deletion construct, 1-231 (Fig. 2D).
This indicates that the epitope is contained within the
final 30 amino acids of the carboxy-terminal end of
PSA.

3.4. Determination of class I and class II epitopes

Based on the analysis above, the identified region
of PSA and an additional 10 amino acids upstream
were examined, for potential H-2¢ class I MHC
binding epitopes. The addition of 10 amino acids
included any potential epitopes that might be de-
stroyed if the breakpoint of the deletion occurred
within the epitope. By comparison to previously
reported H-29 class I binding epitopes (Corr et al.,
1992, 1993; Romero et al., 1994) as well as com-
puter algorithms (Parker et al., 1994), a number of
candidate peptides were identified even in this lim-
ited region. Three peptides were synthesized and
tested in functional assays. One of these peptides
PSA 188-197, which was predicted to bind L‘

(Rammensee et al., 1995), stimulates PSA-HI in the
presence of APCs whereas the others do not (data
not shown). In order to determine the restriction
element of the peptide definitively, we used L cells,
an H-2¥ fibroblast cell line, transfected with the L°
gene or vector alone. The results from one such
assay are shown in Fig. 3, in which L cells trans-
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Fig. 3. MHC restriction of PSA peptide epitopes 188-197 and
238-253. (A) Analysis of the class I restricted peptide 188-197.
T cell hybridoma PSA-HI was incubated with L cells transfected
to express either the MHC class I molecule L? or the vector alone
and pulsed with PSA peptide 188—197 or control peptide. Acti-
vated hybridomas were identified by staining with X-gal. (B)
Analysis of the class II restricted PSA peptide 238-253. The T
cell hybridoma PSA-HII was incubated with the M12 cell line or
M12 derived class II mutants M12.B5 (I-A° +) or M12.A2 (I-E¢
+) in the presence of PSA peptide 238-253 or control peptide.
Activated cells were identified by staining with X-gal substrate.
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fected with the L9 gene were pulsed with the peptide
PSA 188-197. The L cells transfected with the L°
class I gene and pulsed with PSA 188-197 were
recognized, whereas neither L expressing L cells
pulsed with irrelevant peptide nor parental L cells,
which do not express the L¢ molecule, stimulated
PSA-HI activation. These results demonstrate that
the T cell hybrid PSA-HI is restricted by L and is
specifically activated by the PSA peptide 188—197.
It also illustrates that even with limited information
about a particular MHC motif, peptides can be easily
identified using this approach.

We performed a similar analysis to the one de-
scribed for class I recognition to determine the class
11 peptide recognized by the PSA reactive hybridoma
PSA-HII. Although some analysis has been per-
formed to identify class II MHC motifs by crystal
structure and mutagenesis (Wall et al.,, 1994; Fre-
mont et al., 1996), due to the ambiguity of the length
of the class II binding peptides, it has been much
more difficult to map the precise anchor residues and
establish peptide motifs. Therefore, using the same
deletion strategy as we have used above, we con-
structed a series of finer deletion constructs within
the region of 174-231, and mapped the class II
hybrid to the region 238-253 (data not shown). On
this basis, we synthesized the peptide PSA 238-253
and evaluated it in presentation assays analogous to
those described above. The PSA-HII hybrid was
cultured with the B cell lymphoma cell line, M12,
that expresses both I-A? and I-EY, or mutant cell
lines derived from MI2 that express only I-A‘
(M12.B5) or I-E¢ (M12.A2). As shown in Fig. 3, the
hybrid PSA-HII is strongly activated by the parental
line that expresses both class I MHC molecules
when pulsed with the peptide PSA 238-253, but not
an irrelevant peptide. Activation is also seen when
the hybrids are cultured with the PSA peptide 238-
253 and the mutant cell line M12.A2, which ex-
presses I-E¢ but lacks I-AY. However, little activation
is seen using the peptide in conjunction with the cell
line that expresses I-A? and the same PSA peptide.
These results demonstrated that the PSA-HII hy-
bridoma is specific for PSA peptide 238-253 re-
stricted by the class I MHC I-E* molecule. Inte-
restingly, consistent with this analysis, the peptide
identified contains several basic residues, which are
found in other I-EY restricted epitopes and may

contribute to binding class II MHC (Sette et al.,
1989).

3.5. Demonstration that the epitopes identified par-
ticipate in the in vivo PSA response

The identification of the peptides above used
hybridomas made from T cells that arose in animals
bearing PSA expressing tumors. This data alone
would suggest that these epitopes participate in the
PSA specific anti-tumor response. However, to
demonstrate this definitively, we analyzed both the
CTL and helper T cell responses from animals that
had been immunized with PSA. To analyze the CTL
response to PSA, CDS positive T cells were isolated
from tumors co-expressing PSA and IL-2, and were
assayed for their lytic ability of target cells express-
ing full length PSA or targets that have been pulsed
with the PSA peptide 188-197 alone. IL-2 was
included in the tumor challenge to enhance the lytic
population of TIL as we have shown previously
(McAdam et al., 1995). As shown in Fig. 4, these
cells specifically lyse P815 cells expressing PSA
targets that have been sensitized with the PSA pep-
tide 188—197, but not the vector control (P815 neo).
Additionally, a large part of the PSA specific re-
sponse can be accounted for using this peptide,
which suggests that this may be the dominant class I
restricted epitope of PSA in BALB /cBylJ mice. To
analyze the CD4 positive T cell proliferative re-
sponse, BALB /cByJ mice were immunized with
PSA emulsified in complete Freund’s adjuvant and
the lymph node cells were isolated and analyzed by
proliferation assay for their response to PSA and the
PSA peptide 238-253. The results of the prolifera-
tion assays are illustrated in Fig. 4, and show that the
cells proliferate in response to PSA as well as the
peptide PSA 238-253. Additionally, a significant
portion of the helper response was directed at this
epitope, suggesting that it is an important and per-
haps even the dominant class II restricted epitope in
the PSA specific response.

The T-CAD assay has a number of features that
make it flexible and robust. Unlike most other meth-
ods, this method can be used to identify either class I
and class II restricted epitopes as we have demon-
strated for both Ova and PSA. Further, since the
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Fig. 4. Functional evaluation of PSA peptide epitopes 188-197
and 238-253. BALB/cByJ mice were injected intramuscularly
with 2X10° Line 1/PSA/IL-2 cells. After 15 days, tumor
infiltrating lymphocytes were isolated and evaluated for PSA
specific cytotoxicity in a 6-h 31Cr release assay with the targets
P815/PSA (M), P§15/neo (@), and P815 /neo pulsed with PSA
peptide 187-196 (11). (B) BALB /cByJ mice were immunized in
the footpad with 80 pg of rPSA emulsified in CFA. Ten days
later, the draining lymph nodes were isolated and plated at
5% 103 /well in the presence of hPSA (M) or PSA 238-253 (O)
starting at 0.83 wM and diluted to 0.001 wM. After 72 h, T cell
proliferation was analyzed by *H thymidine incorporation. Dotted
line indicates the level of proliferation in the absence of antigen.

method does not depend upon native structure, prob-
lems such as the formation of inclusion bodies are
not an issue so that even difficult proteins (highly
hydrophobic, etc.) should be amenable to analysis.
Another feature of the method is that by simply

changing the source of APC and the T cells, the
same reagents and libraries could be used to deter-
mine the epitopes restricted by different MHC
molecules in different inbred stains of mice or in
humans with different HLA types. Perhaps most
importantly, the method can readily exploit the ele-
gant and versatile bacterial genetic and biochemical
approaches that have been developed previously.
One application in the current study is the use of
deletion constructs to map the PSA epitopes to a
specific region. This also illustrates that portions of
genes work using this approach. This suggests that
the T-CAD approach could be applied not only to
known genes, but also to partial cDNA libraries or
even to whole genomes of pathogens using shotgun
cloning strategies. In this regard, for sensitive hy-
brids such as B3Z, BDZ, and PSA-HII, bacteria can
be screened in pools. However, this is not essential,
given the methods developed as part of the genome
project for handling large numbers of clones, so that
bacterial colonies can be screened individually. In-
deed there is already a commercially available robot
from Qiagen for isolating 6 X His tagged proteins so
production and characterization of a large set of
clones should be straightforward. Mutants can also
be easily created in bacteria and analyzed using this
functional screen. Indeed, we are currently employ-
ing this approach using saturation mutagenesis tech-
niques to make libraries of genetic variants of epi-
topes to define the nature of the MHC peptide T cell
receptor interactions as well as to create improved
antigens for vaccination.

There are also several ways that the system can be
developed further. First, much of the protocol is
easily amenable to automation as described above.
Second, it should also be noted that while in the
current technique we have used T cell hybridomas to
identify the epitopes because their activation could
be assessed using a simple colorimetric assay, this is
not essential. Recent preliminary data suggests that
normal T cells can be used in this assay and T cell
activation can be assessed using ELI spot techniques
(our unpublished data). Thus, this technique may be
used to characterize human immune responses using
normal T cells or short term T cell lines and den-
dritic cells as APC (Sallusto and Lanzavecchia,
1994). Combining these modifications, these tech-
niques might be applied to the identification of target

P
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antigens not only for human pathogens and cancers,
but also to autoimmune diseases such as diabetes or
multiple sclerosis. In summary, the adaptability of
the T-CAD assay to other experimental systems not
only for epitope mapping but also antigen identifica-
tion makes the T-CAD assay a flexible tool for
analyzing T cell mediated responses.

Acknowledgements

This work was supported in part by grants
CA70218 and CA28332 from the National Institute
of Health, Army grant DAMD17-00-0100, and by a
generous gift from Mr. and Mrs. George Shumway.
M.IT., C.S.A., RAW. and T.LLF. were supported
in part by grant T32A107205 from the NIH. We
would like to thank Drs. J. A. Frelinger, M. McMil-
lan, J. Woodward, A. Livingstone and N. Shastri for
critical review of this manuscript and reagents. We
would also like to thank Mary Meza and Bangs
Laboratories for providing us with reagents.

References

Altman, J.D., Moss, P.AH., Goulder, P.J.R., Barouch, D.H.,
McHeyzer-Williams, M.G., Bell, J.I., McMichael, A.J., Davis,
M.M., 1996. Phenotypic analysis of antigen-specific T lym-
phocytes. Science 274, 94-96 [published erratum appears in
Science 1998 Jun 19;280(5371):182].

Baecher-Allan, C.M., Kemp, J.D., Dorfman, K.S., Barth, RK,,
Frelinger, J.G., 1993. Differential epitope expression of Ly-48
(mouse leukosialin). Immunogenetics 37, 183-192.

Bevan, M.J., 1976. Cross-priming for a secondary cytotoxic re-
sponse to minor H antigens with H-2 congenic cells which do
not cross-react in the cytotoxic assay. J. Exp. Med. 143,
1283-1288.

Bielekova, B., Goodwin, B., Richert, N., Cortese, I., Kondo, T.,
Afshar, G., Gran, B., Eaton, J., Antel, J., Frank, J.A., McFar-
land, H.F., Martin, R., 2000. Encephalitogenic potential of the
myelin basic protein peptide (amino acids 8§3-99) in multiple
sclerosis: results of a phase II clinical trial with an altered
peptide ligand. Nat. Med. 6, 1167-1175.

Brocke, S., Gijbels, K., Allegretta, M., Ferber, 1., Piercy, C.,
Blankenstein, T., Martin, R., Utz, U., Karin, N., Mitchell, D.,
1996. Treatment of experimental encephalomyelitis with a
peptide analogue of myelin basic protein. Nature 379, 343-346
[published erratum appears in Nature 1998 Apr 9;392(6676):
630].

Brodsky, F.M., Guagliardi, L.E., 1991. The cell biology of antigen
processing and presentation. Annu. Rev. Immunol. 9, 707-744.

Brossart, P., Stuhler, G., Flad, T., Stevanovic, S., Rammensee,

H.G., Kanz, L., Brugger, W., 1998. Her-2 /neu-derived pep-
tides are tumor-associated antigens expressed by human renal
cell and colon carcinoma lines and are recognized by in vitro
induced specific cytotoxic T lymphocytes. Cancer Res. 58,
732-736.

Castelli, C., Storkus, W.J., Maeurer, M.J., Martin, D.M., Huang,
E.C., Pramanik, B.N., Nagabhushan, T.L., Parmiani, G., Lotze,
M.T., 1995. Mass spectrometric identification of a naturally
processed melanoma peptide recognized by CD8+ cytotoxic
T lymphocytes. J. Exp. Med. 181, 363-368.

Corr, M., Boyd, L.F., Frankel, S.R., Kozlowski, S., Padlan, E.A.,
Margulies, D.H., 1992. Endogenous peptides of a soluble
major histocompatibility complex class I molecule, H-2Lds:
sequence motif, quantitative binding, and molecular modeling
of the complex. J. Exp. Med. 176, 1681-1692.

Corr, M., Boyd, L.F., Padlan, E.A., Margulies, D.H., 1993. H-2Dd
exploits a four residue peptide binding motif. J. Exp. Med.
178, 1877-1892.

De Plaen, E., Lurquin, C., Van Pel, A., Mariame, B., Szikora,
JP., Wolfel, T., Sibille, C., Chomez, P., Boon, T., 1988.
Immunogenic (fum-) variants of mouse tumor P815: cloning
of the gene of tum-antigen P91A and identification of the
tum-mutation. Proc. Natl. Acad. Sci. U. S. A. 85, 2274-2278.

Falk, K., Rotzschke, O., Stevanovic, S., Jung, G., Rammensee,
H.G., 1991. Allele-specific motifs revealed by sequencing of
self-peptides eluted from MHC molecules. Nature 351, 290—
296.

Fremont, D.H., Hendrickson, W.A., Marrack, P., Kappler, J.,
1996. Structures of an MHC class I molecule with covalently
bound single peptides. Science 272, 1001-1004.

Glimcher, L.H., McKean, D.J., Choi, E., Seidman, J.G., 1985.
Complex regulation of class II gene expression: analysis with
class II mutant cell lines. J. Immunol. 135, 3542-3550.

Gooding, L.R., Edwards, C.B., 1980. H-2 antigen requirements in
the in vitro induction of SV40-specific cytotoxic T lympho-
cytes. J. Immunol. 124, 1258-1262.

He, X.S., Rehermann, B., Lopez-Labrador, F.X., Boisvert, J.,
Cheung, R., Mumm, J., Wedemeyer, H., Berenguer, M.,
Wright, T.L., Davis, M.M., Greenberg, H.B., 1999. Quantita-
tive analysis of hepatitis C virus-specific CD8(+) T cells in
peripheral blood and liver using peptide-MHC tetramers. Proc.
Natl. Acad. Sci. U. S. A. 96, 5692—5697.

Henderson, R.A., Cox, A.L., Sakaguchi, K., Appella, E., Sha-
banowitz, J., Hunt, D.F., Engelhard, V.H., 1993. Direct identi-
fication of an endogenous peptide recognized by multiple
HLA-A2.1-specific cytotoxic T cells. Proceedings of the Na-
tional Academy of Sciences of the United States of America
90, 10275-10279.

Huang, A.Y., Golumbek, P., Ahmadzadeh, M., Jaffee, E., Pardoll,
D., Levitsky, H., 1994. Role of bone marrow-derived cells in
presenting MHC class I-restricted tumor antigens. Science
264, 961-965.

Hunt, D.F., Henderson, R.A., Shabanowitz, J., Sakaguchi, K,
Michel, H., Sevilir, N., Cox, A.L., Appella, E., Engelhard,
V.H., 1992. Characterization of peptides bound to the class I
MHC molecule HLA-A2.1 by mass spectrometry [see com-
ments). Science 255, 1261-1263.



118 M.J. Turner et al. / Journal of Immunological Methods 256 (2001) 107-119

Inaba, K., Inaba, M., Romani, N., Aya, H., Deguchi, M., Ikehara,
S., Muramatsu, S., Steinman, R.M., 1992. Generation of large
numbers of dendritic cells from mouse bone marrow cultures
supplemented with granulocyte/macrophage colony-stimulat-
ing factor. J. Exp. Med. 176, 1693-1702.

Jardetzky, T.S., Lane, W.S., Robinson, R.A., Madden, D.R,,
Wiley, D.C., 1991. Identification of self peptides bound to
purified HLA-B27. Nature 353, 326-329.

Kappos, L., Comi, G., Panitch, H., Oger, J., Antel, J., Conlon, P.,
Steinman, L., Rae-Grant, A., Castaldo, J., Eckert, N., Guar-
naccia, J.B., Mills, P., Johnson, G., Calabresi, P.A., Pozzilli,
C., Bastianello, S., Giugni, E., Witjas, T., Cozzone, P., Pel-
letier, J., Pohlau, D., Przuntek, H., Hoffmann, V., Bever Ir.,
C., Katz, E., Clanet, M., Berry, 1., Brassat, D., Brunet, I,
Edan, G., Duquette, P., Radue, EW., Schott, D., Lienert, C.,
Taksaoui, A., Rodegher, M., Filippi, M., Evans, A., Bour-
gouin, P., Zijdenbos, A., Salem, S, Ling, N., Alleva, D,
Johnson, E., Gaur, A., Crowe, P., Liu, X.J., 2000. Induction of
a non-encephalitogenic type 2 T helper-cell autoimmune re-
sponse in multiple sclerosis after administration of an altered
peptide ligand in a placebo-controlled, randomized phase 1II
trial. Nat. Med. 6, 1176~1182.

Karttunen, J., Shastri, N., 1991. Measurement of ligand-induced
activation in single viable T cells using the lacZ reporter gene.
Proceedings of the National Academy of Sciences of the
United States of America 88, 3972--3976.

Kovacsovics-Bankowski, M., Clark, K., Benacerraf, B., Rock,
K.L., 1993. Efficient major histocompatibility complex class I
presentation of exogenous antigen upon phagocytosis by
macrophages. Proc. Natl. Acad. Sci. U. S. A. 90, 4942-4946.

Kundu, S.K., Engleman, E., Benike, C., Shapero, M.H., Dupuis,
M., van Schooten, W.C., Eibl, M., Merigan, T.C., 1998. A
pilot clinical trial of HIV antigen-pulsed allogeneic and autolo-
gous dendritic cell therapy in HIV-infected patients. AIDS
Res. Hum. Retroviruses 14, 551-560.

Kurts, C., Kosaka, H., Carbone, F.R., Miller, J.F., Heath, WR.,
1997. Class I-restricted cross-presentation of exogenous self-
antigens leads to deletion of autoreactive CD8(+) T cells. J.
Exp. Med. 186, 239-245.

McAdam, A.J., Pulaski, B.A., Storozynsky, E., Yeh, K.Y., Sickel,
J.Z., Frelinger, J.G., Lord, EM., 1995. Analysis of the effect
of cytokines (interleukins 2, 3, 4, and 6, granulocyte-monocyte
colony-stimulating factor, and interferon-gamma) on genera-
tion of primary cytotoxic T lymphocytes against a weakly
immunogenic tumor. Cell. Immunol. 165, 183-192.

Monaco, J.J., 1995. Pathways for the processing and presentation
of antigens to T cells. J. Leukocyte Biol. 57, 543--547.

Morse, M.A., Lyerly, HK., Gilboa, E., Thomas, E., Nair, S.X,
1998. Optimization of the sequence of antigen loading and
CD40-ligand-induced maturation of dendritic cells. Cancer
Res. 58, 2965-2968.

Murali-Krishna, K., Altman, I.D., Suresh, M., Sourdive, D.J.,
Zajac, AJ., Miller, J.D., Slansky, J., Ahmed, R., 1998. Count-
ing antigen-specific CD8 T cells: a reevaluation of bystander
activation during viral infection. Immunity 8, 177-187.

Nair, S.K., Hull, S., Coleman, D., Gilboa, E., Lyerly, HK,
Morse, M.A., 1999. Induction of carcinoembryonic antigen

(CEA)-specific cytotoxic T-lymphocyte responses in vitro us-
ing autologous dendritic cells loaded with CEA peptide or
CEA RNA in patients with metastatic malignancies expressing
CEA. Int. J. Cancer 82, 121-124.

Nicholson, L.B., Murtaza, A., Hafler, B.P., Sette, A., Kuchroo,
V.K, 1997. A T cell receptor antagonist peptide induces T
cells that mediate bystander suppression and prevent autoim-
mune encephalomyelitis induced with multiple myelin anti-
gens. Proc. Natl. Acad. Sci. U. S. A. 94, 9279-9284.

Parker, K.C., Bednarek, M.A., Coligan, JL.E., 1994, Scheme for
ranking potential HLA-A2 binding peptides based on indepen-
dent binding of individual peptide side-chains. J. Immunol.
152, 163-175.

Porgador, A., Gilboa, E., 1995. Bone marrow-generated dendritic
cells pulsed with a class I-restricted peptide are potent induc-
ers of cytotoxic T lymphocytes. J. Exp. Med. 182, 255-260.

Porgador, A., Snyder, D., Gilboa, E., 1996. Induction of antitumor
immunity using bone marrow-generated dendritic cells. J.
Immunol. 156, 2918-2926.

Pulaski, B.A., Yeh, K.Y., Shastri, N., Maltby, K.M., Penney,
D.P., Lord, E.M.,, Frelinger, J.G., 1996. Interleukin 3 enhances
cytotoxic T lymphocyte development and class I major histo-
compatibility complex “re-presentation” of exogenous antigen
by tumor-infiltrating antigen-presenting cells. Proceedings of
the National Academy of Sciences of the United States of
America 93, 3669-3674.

Rammensee, H.G., 1995. Chemistry of peptides associated with
MHC class I and class II molecules. Curr. Opin. Immunol. 7,
85-96.

Rammensee, H.G., Friede, T., Stevanoviic, S., 1995. MHC lig-
ands and peptide motifs: first listing. Immunogenetics 41,
178-228.

Reimann, J., Schirmbeck, R., 1999. Alternative pathways for
processing exogenous and endogenous antigens that can gener-
ate peptides for MHC class I-restricted presentation. Immunol.
Rev. 172, 131-152.

Reis ¢ Sousa, C., Germain, R.N., 1995. Major histocompatibility
complex class I presentation of peptides derived from soluble
exogenous antigen by a subset of cells engaged in phago-
cytosis. J. Exp. Med. 182, 841-851.

Romero, P., Cerottini, J.C., Luescher, LF., 1994. Efficient in vivo
induction of CTL by cell-associated covalent H-2Kd-peptide
complexes. J. Immunol. Methods 171, 73~84.

Rudensky, A., Preston-Hurlburt, P., Hong, S.C., Barlow, A,
Janeway Ir., C.A., 1991. Sequence analysis of peptides bound
to MHC class II molecules [see comments]. Nature 353,
622-627.

Sallusto, F., Lanzavecchia, A., 1994. Efficient presentation of
soluble antigen by cultured human dendritic cells is main-
tained by granulocyte/macrophage colony-stimulating factor
plus interleukin 4 and downregulated by tumor necrosis factor
alpha. J. Exp. Med. 179, 1109-1118.

Sanderson, S., Shastri, N., 1994a. LacZ inducible, antigen/
MHC-specific T cell hybrids. Int. Immunol. 6, 369-376.

Sanderson, S., Shastri, N., 1994b. LacZ inducible, antigen/
MHC-specific T cell hybrids. Int. Immunol. 6, 369-376.

Sette, A., Adorini, L., Appella, E., Colon, S.M., Miles, C.,

LY



M.J. Turner et al. / Journal of Immunological Methods 256 (2001) 107-119 119

Tanaka, S., Ehrhardt, C., Doria, G., Nagy, Z.A., Buus, S. et
al., 1989. Structural requirements for the interaction between
peptide antigens and I-Ed molecules. J. Immunol. 143, 3289~
3294.

Sette, A., Alexander, J., Ruppert, J., Snoke, K., Franco, A.,
Ishioka, G., Grey, HM., 1994. Antigen analogs/MHC com-
plexes as specific T cell receptor antagonists. Annu. Rev.
Immunol. 12, 413-43].

Shastri, N., Gonzalez, F., 1993. Endogenous generation and pre-
sentation of the ovalbumin peptide /Kb complex to T cells. J.
Immunol. 150, 2724-2736.

Shen, Z., Reznikoff, G., Dranoff, G., Rock, K.L., 1997. Cloned
dendritic cells can present exogenous antigens on both MHC
class I and class I molecules. J. Immunol. 158, 2723-2730.

Storozynsky, E., Woodward, J.G., Frelinger, J.G., Lord, EM.,
1999. Interleukin-3 and granulocyte-macrophage colony-
stimulating factor enhance the generation and function of
dendritic cells. Immunology 97, 138-149.

Valmori, D., Levy, F., Miconnet, 1., Zajac, P., Spagnoli, G.C.,

Rimoldi, D., Lienard, D., Cerundolo, V., Cerottini, J.C.,
Romero, P., 2000. Induction of potent antitumor CTL re-
sponses by recombinant vaccinia encoding a melan-A peptide
analogue. J. Immunol. 164, 1125—1131.

Wall, KA., Hu, 1.Y., Currer, P., Southwood, S., Sette, A.,
Infante, A.J, 1994. A discase-related epitope of Torpedo
acetylcholine receptor. Residues involved in I-Ab binding,
self-nonself discrimination, and TCR antagonism. J. Immunol.
152, 4526-4536.

Wei, C., Storozynsky, E., McAdam, A.J., Yeh, K.Y., Tilton, B.R.,
Willis, R.A., Barth, RK., Looney, R.J., Lord, EM., Frelinger,
J.G., 1996. Expression of human prostate-specific antigen
(PSA) in a mouse tumor cell line reduces tumorigenicity and
elicits PSA-specific cytotoxic T Iymphocytes. Cancer Im-
munol., Immunother. 42, 362-368.

Yewdell, J.W., Bennink, J.R., 1999. Immunodominance in major
histocompatibility complex class I-restricted T lymphocyte
responses. Annu. Rev. Immunol. 17, 51-88.




